

























































Niobium-Doped Titanium Dioxide with High Dopant
Contents for Enhanced Lithium-Ion Storage
Wenlei Xu,[a] Patrícia A. Russo,*[a] Thorsten Schultz,[b, c] Norbert Koch,[b, c] and Nicola Pinna*[a]
Titanium dioxide is a promising anode for efficient lithium-ion
storage in terms of low cost, good structural stability, and
inherent safety. However, its performance in Li-ion storage is
hindered by poor electronic conductivity. In this work, a
solvothermal approach was applied for the synthesis of Nb-
doped TiO2 nanocrystals with Nb content up to 33 at.%. The
enhanced electronic conductivity and favorable electrochemical
kinetics led to superior specific capacity, rate capability, and
cycling stability compared to pristine TiO2. For the optimum
dopant content of 21 at.%, a specific capacity of 58 mAhg  1
was reached at 10 Ag  1 compared to just 28 mAhg  1 for pure
TiO2, in addition to almost 20% higher capacity retention after
prolonged cycling. The strategy in the current work can be
easily extended to the design of other high-performance
electrode materials for energy storage.
1. Introduction
Rechargeable lithium ion batteries (LIBs) have been widely used
in our daily life as the main power sources for electric vehicles
and portable electronic devices such as laptops, tablets and
handheld devices.[1] To meet the future requirements for various
types of electric vehicles, numerous types of electrode materials
have been investigated to improve the LIBs properties,
especially nanostructured materials because of their advantages
like larger electrode/electrolyte contact area and shortened Li+
diffusion distances.[2] Among them, transition metal oxides have
been extensively studied as electrode materials for LIBs.[2e,3]
Titanium dioxide (TiO2) in the anatase structure is environ-
mentally benign, low cost, highly abundant, stable and safe
during cycling, making it a promising anode material for LIBs.[4]
However, pristine TiO2 exhibits low electronic conductivity (ca.
10  12–10  7 Scm  1), slow Li+ diffusion rate (ca. 10  15–
10  9 cm2s  1), and frequent aggregation of TiO2 nanoparticles,
which leads to poor rate capability and cycling stability.[5]
Various strategies have been used to overcome the ionic and
electronic transport limitations and improve the electrochem-
ical performance of titania anodes, such as fabricating TiO2
composite structures,[4a,6] and reducing particle size.[7] Never-
theless, these strategies have some limitations, as the benefits
of composite structures are limited to the surface only, whereas
reducing particles to nanoscale size can lead in some cases to
agglomeration and dissolution during cycling, which results in
decreased electroactive area and irreversible capacity losses.[8]
Another effective strategy to enhance the electrical con-
ductivity and electrochemical performance of TiO2 is incorporat-
ing aliovalent ions (such as Nb5+) into the TiO2 structure,
[4c,5,8–9]
which is attributed to an increase in donor density. Wang
et al.[9a] reported that the conductivity of Nb-doped mesoporous
TiO2 was more than two orders of magnitude higher than that
of undoped TiO2. These results are in agreement with the
findings of Sheppard et al.[10] indicating metallic-type conductiv-
ity of reduced Nb-doped TiO2. Fehse et al.
[5] demonstrated that
the improved rate capability of Nb-doped TiO2 arises mainly
from the enhancement of charge transfer in TiO2. Substitution
of Nb5+ for Ti4+ introduces additional charge carriers, which
increase the low bulk conductivity of TiO2. It has also been
shown that an appropriate Nb concentration is necessary to
balance ionic and electronic transport.[4c,9e] Various methods
have been applied to produce Nb-doped TiO2, including the
sol-gel method,[4c,9a] continuous hydrothermal flow method,[9d]
and electrospinning.[5] However, the amount of Nb incorporated
is in most cases lower than 10 at.%,[4c,5,11] which is mainly due to
the ultrastable structure of TiO2 that limits the diffusion and
mobility of foreign ions.[12] Furthermore, it has been reported
that the introduction of high amounts of dopants may damage
the TiO2 crystal structure, negatively affecting its electrochem-
ical performance.[4c,9e] Therefore, it is still a great challenge to
obtain niobium titanium mixed oxide with high Nb contents in
stable structures.
Non-hydrolytic sol-gel syntheses strategies using organic
solvents are highly effective at producing metal oxide nano-
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reactivity of metal precursors in organic solvents.[16] The
flexibility of these methods with respect to size and composi-
tion allows a wide variety of oxide-based nanostructures to be
attained.[17]
Herein, we present a simple solvothermal approach to
obtain niobium titanium mixed oxides by reaction of niobium
ethoxide and titanium isopropoxide with acetophenone. The
as-synthesized materials display superior rate performance and
cycling stability in comparison to that of pristine TiO2. This work
provides an innovative strategy to synthesize other metal-based
materials with tunable compositions.
2. Results and Discussion
Information on the crystalline structure of the synthesized
materials was obtained via X-ray diffraction (XRD) and Raman
spectroscopy. The XRD patterns in Figure 1a are indexed to the
anatase phase of titanium dioxide (tetragonal, ICDD file no. 021-
1272). No obvious reflections from niobium oxide crystalline
phases are detected in the patterns, indicating that no
segregated crystalline niobium oxide phases are formed. The
small reflection at around 14 ° (2θ) matches the (121) reflection
of the TiO2 brookite phase (ICDD file no. 029-1360), suggesting
the formation of a small amount of brookite phase during the
synthesis, as found by other authors.[5] The intensity of this
reflection increases with increasing Nb concentration, which
shows that the incorporation of niobium promotes the
formation of the brookite phase. A gradual shift of the (101)
reflection to lower diffraction angles is observed with increasing
Nb concentration, indicating a gradual increase of the interlayer
distance and lattice expansion as the amount of Nb dopant
incorporated into the structure increases. The larger ionic radius
of Nb5+ (0.64 Å) compared to that of Ti4+ (0.61 Å), explains the
increase of the (101) interplanar distance, which, according to
Bragg’s equation, results in the decrease of the diffraction
angle.[18]
The structural properties of the various niobium titanium
mixed oxide materials were also studied by Raman spectro-
scopy (Figure 1b). For the pure TiO2, six Raman-active modes
appear at 151 (Eg), 204 (Eg) 405 (B1g), 522 (A1g+B1g), and
645 cm  1 (Eg), which correspond to the TiO2 anatase phase, in
agreement with the phase obtained from XRD.[19] No obvious
brookite related modes are observed in the Raman spectrum,
which could be due to the negligible amount of brookite phase.
In the Nb incorporated TiO2 spectra, the strong Raman band at
ca. 151 cm  1, related to O  Ti  O bending, is shifted to higher
wavenumbers for all samples.[5,20] A number of factors could be
related to the changes of the Raman band positions and
intensities, such as pressure, particle size, and dopants.[18b,21]
Shifts in Raman are associated with changes in the local
structure, such as strains in the structure, defects or distortions.
The shift to higher wavenumbers is consistent with lattice
expansion occurring upon introduction of Nb into the TiO2
structure, as Nb5+ is larger than Ti4+. However, the magnitude
of the shift is smaller for NTO-3 compared to NTO-1 and NTO-2.
The smaller shift for NTO-3 can be attributed to the strain
created in the structure by the higher concentration of Nb,
which has an opposite effect on the wavenumber. The band
width at 151 cm  1 increased with increasing Nb concentration,
which can be attributed to the formation of Nb  O  Ti bonds.[22]
At the same time, the band at 645 cm  1 got broader and more
intense because of the formation of Nb  O bonds.[22]
Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) were performed to investigate the morphology
and microstructure of the samples. As shown in Figure 2 and
S1, nearly spherical nanoparticles are produced through this
synthesis method. These materials have a similar particle size
(around 10 nm in diameter). Nano-sized particles allow fast
lithium-ion intercalation and deintercalation due to the short
distances for lithium-ion transport within the particles. The
HRTEM image in Figure 2a reveals the highly crystalline nature
of TiO2 with an interplanar spacing of 0.353 nm, corresponding
to the (101) lattice planes of the tetragonal crystalline structure
of anatase. The interplanar spacing is slightly larger for the
doped materials (Figure 2c, S1), which is consistent with the
substitution of Ti4+ cations (ionic radius=0.61 Å) with larger
Nb5+ (ionic radius=0.64 Å) in the structure, in agreement with
the XRD results. The expanded interlayer spacing is thought to
be beneficial for the insertion/deinsertion process of lithium
Figure 1. a) X-ray diffractograms (vertical bars indicate the anatase reference: ICDD file no. 021-1272) and b) Raman spectra of the TO (pure TiO2), NTO-1
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ions within the doped TiO2 lattice.
[23] The selected area electron
diffraction (SAED) patterns (Figure 2b, 2d, S1b and S1d) confirm
that all the samples are crystalline and match the anatase TiO2
structure. Energy dispersive X-ray spectroscopy (EDX) analysis
for NTO-1, NTO-2 and NTO-3 (Figure S2, Table S1) shows that
the Nb content is 9, 21 and 33 at.%, respectively, which is close
to the nominal ratios. EDX mapping (Figure 2e and S1) shows
the homogeneous distribution of the elements (Ti, O and Nb),
further suggesting the successful doping of the TiO2 matrix.
The chemical states of all samples were investigated by X-
ray photoelectron spectroscopy (XPS). Figure 3a presents the
high-resolution Ti 2p XPS spectra. For the pure TiO2, the Ti 2p
core level binding energies were 458.3 eV (Ti 2p3/2) and 464 eV
(Ti 2p1/2) with a splitting energy of 5.7 eV, which are consistent
with titanium in its Ti4+ oxidation state.[24] For Nb modified TiO2,
the binding energies gradually shift to higher values, which
indicates a shift of the Femi level position towards the
conduction band.[25] Besides, the bands are broadened com-
pared to pure TiO2, which could be due to structural disorder
after Nb introduction. In the case of Nb (Figure 3b), a doublet at
binding energies of 206.7 eV (Nb 3d5/2) and 209.5 eV (Nb 3d3/2)
can be observed in the Nb 3d XPS spectra, suggesting that Nb
is present in the 5+ oxidation state.[26] Based on these data, it
can be concluded that the charge compensation of Nb5+ in
substitution of Ti4+ can be achieved by the formation of cation
vacancies.[25] Figure 3c shows the O 1s XPS spectra. The main
signal at 529.6 eV, which can be assigned to Ti  O bonds, shifts
to higher binding energies after Nb incorporation in the same
way as the Ti 2p signals, because of the Fermi level shift
mentioned above. The other two signals at 532.1 eV and
533.6 eV are ascribed to surface OH groups and adsorbed H2O,
respectively.[27] Furthermore, from the valence band region of
all the samples (Figure 3d), a clear shift of the valence band
onset to higher binding energies is seen after Nb incorporation.
This is because Nb5+ is a donor-type dopant for TiO2,
introducing a donor state in the band gap. The additional Nb
4d electron pushes the Fermi level closer to the conduction
band, thus improving the electric conductivity.[25]
Cyclic voltammetry (CV) was carried out to evaluate the
lithium storage behavior of the samples. Figure 4a and S3a
show the typical CV curves of NTO-2 and TO for the first three
cycles at a scan rate of 0.1 mVs  1. Both samples exhibit some
capacity loss after the initial scan, which is mainly due to side
reactions with the electrolyte and irreversible Li+ insertion.
Redox peaks at 1.72/1.97 V (NTO-2) and 1.67/2.04 V (TO)
represent lithiation and delithiation processes in anatase, which
is consistent with the discharge/charge potential plateaus of
the galvanostatic curves (Figure 5a and S4a). Moreover, a small
peak pair at~1.48 and~1.8 V can be seen for both NTO-2 and
TO, which might be attributed to a second phase transition
from Li0.55TiO2 to Li1TiO2.
[6d,28] NTO-2 exhibits a smaller potential
deviation between anodic and cathodic peaks (ΔE: 0.25 V)
compared to that of TO (ΔE: 0.37 V). This implies faster Li+
insertion-deinsertion kinetics for the Nb containing TiO2 sample,
resulting from the higher electron and ionic conductivity as
well as larger interplanar spacing offered by Nb incorporation,
as it will be discussed below.[19,29] For the Nb-doped samples, a
small anodic peak appears at ~2.7 V, whose intensity increases
with increasing scan rate. As no clear corresponding cathodic
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peaks can be seen, the process seems to be irreversible or
partly reversible, and likely caused by a side reaction.
Galvanostatic charge/discharge (GCD) measurements were
done to evaluate the electrochemical performance of the
samples. As shown in Figure 5a and S4, the initial discharge and
charge capacities for TO, NTO-1, NTO-2, and NTO-3 are 216 and
175, 208 and 163, 212 and 172, 208 and 167 mAhg  1,
corresponding to initial Coulombic efficiencies of 81%, 78%,
82%, and 80%, respectively. The initial capacity loss during the
first cycle is attributed to the irreversible reduction of electro-
Figure 3. High resolution X-ray photoelectron spectra of a) Ti 2p, b) Nb 3d, c) O 1s and d) valence band XPS spectra for all the samples.
Figure 4. a) CV curves of NTO-2 during the first three cycles at a scan rate of 0.1 mVs  1. CV curves at various scan rates from 0.1 to 5 mVs  1 for b) TO, c) NTO-
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lyte and the formation of a solid electrolyte interphase (SEI)
layer on the surface of TiO2, as well as the trapping of Li
+ in
irreversible sites.[8,15a,34]
The rate performance of TiO2 and Nb-doped TiO2 electrodes
was evaluated at different specific current densities from 0.1 to
10 Ag  1. As shown in Figure 5b and S5, the difference between
the specific capacities of TiO2 and that of niobium doped
titanium dioxides increases significantly with increasing current
densities, demonstrating the improved rate capability of Nb
doped TiO2 at high current densities as an anode material for
Li+ storage, which is attributed to the improved electrical
conductivity offered by cation vacancies and its stable structure.
NTO-2 displays the highest reversible capacities at different
current densities among the four samples. Reversible charge-
discharge specific capacities of 167, 152, 132, 114, 98, and
74 mAhg  1 are achieved for NTO-2 at 0.1, 0.2, 0.5, 1, 2, and
5 Ag  1, respectively (Figure S5c). At the highest current density
of 10 Ag  1, the specific capacity for NTO-2 (58 mAhg  1) is
higher than that of TO (28 mAhg  1), NTO-1 (50 mAhg  1), NTO-3
(40 mAhg  1). Moreover, when the current density returns to
0.1 Ag  1, the capacity of NTO-2 recovers to 131 Ag  1, demon-
strating the reversibility and structural stability. Compared to
the lithium storage performance of other Nb modified TiO2
anatases (Table S2), NTO-2 exhibits enhanced high rate capa-
bility and extraordinary stability, due to the effective synergistic
effect of Ti4+ vacancies and its stable structure.[34a,35] It is worth
noting that NTO-2 achieved higher rate performance than NTO-
3. This is probably because excessive Nb5+ introduction into the
TiO2 lattice can cause the anatase structure to partially collapse,
leading to poor reversibility.[9c,e]
The electrochemical stability of all samples was determined
by cycling at 0.5 Ag  1 (Figure 5c). Figure 5c shows that the
specific capacity for NTO-2 after 400 cycles is 105 mAhg  1, with
a capacity retention of 80%. On the other hand, TO, NTO-1, and
NTO-3 have a capacity retention of 63%, 76%, and 74%,
respectively. The cycling stability measurements show the high
reversibility and structural stability of the NTO-2 upon Li+
insertion-deinsertion compared to the pure TiO2 and also the
other doped samples.
The electrochemical impedance spectra (EIS) of pure and Nb
modified TiO2 samples were measured to gain insight into the
influence of Nb incorporation on the electrical conductivity
(Figure 6). The proposed equivalent circuit is also included in
the figure. The small intercept of the semicircle at the horizontal
Figure 5. a) First 5 galvanostatic discharge-charge voltage profiles of NTO-2 at 0.1 Ag  1. b) Specific capacities at current densities between 0.1 and 10 Ag  1 for
TO, NTO-1, NTO-2 and NTO-3. c) Cycling stability of TO, NTO-1, NTO-2 and NTO-3 at 0.5 Ag  1.
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axis represents the bulk resistance (R1) of electrolyte, separator,
and electrode, the semicircle corresponding to R2 is the charge
transfer resistance at the electrode/electrolyte interface, CPE1
and CPE2 are constant phase elements, and an inclined line
denoted as Zw (Warburg resistance) is ascribed to the semi-
infinite diffusion of the lithium ions in the electrode. The fitted
resistant values are listed in Table S3. The fitted results
indicated that NTO-2 exhibits the lowest R2 (25.82 Ω). The lower
resistance results in faster electron and ion transport during the
charge-discharge processes, as previously observed for other
Nb-doped TiO2.
[5,9d] Undoped TiO2, as expected, has the lowest
conductivity, while the conductivity increases with the increase
of the Nb content up to 21% and subsequently decreases for
the Nb content of 33%, showing that excessive Nb5+ doping in
TiO2 can be detrimental for the conductivity of the material and
electrochemical performance. The minimum resistance
achieved with the NTO-2 material contributes to its enhanced
Li-ion storage performance.
Figure 4b–e show the representative CV curves for TO, NTO-
1, NTO-2 and NTO-3 at various sweep rates, which are used to
evaluate capacitive contribution to the total charge storage. All
the CV curves show gradually broadened peaks, and the
voltammograms become more rectangular, indicating extrinsic
capacitive charge storage properties.[9d] The area under the CV
curve represents the total charge storage, which arises from
both capacitive and diffusion-controlled insertion processes.[30]
The measured current (i, A) obeys a power law relationship with
the sweep rate (v, V s  1) [Eq. (1)]:[31]
i ¼ avb (1)
Where a and b are adjustable values. In particular, a b-value of
0.5 indicates the current response is diffusion-controlled, while
a b-value of 1 indicates that the current is surface-controlled. As
shown in figure S3b, the b values for peak 1 and 4 are 0.59 and
0.49, indicating that the diffusion-controlled process is domi-
nant. Whereas the b values for peak 2 and 3 are 0.87 and 0.82,
suggesting a larger capacitive-type contribution. Additionally,
the different charge storage mechanisms can be distinguished
quantitatively according to the formula [Eq. (2)]:[32]
i ¼ k1v þ k2v
1=2 (2)
In equation (2), k1v (b=1) and k2v
1=2 (b=0.5) represent surface
capacitive effects and diffusion-controlled contribution, respec-
tively. k1 and k2 are constants for a certain potential. A plot of
i Vð Þ=v1=2 vs. v1=2 allows for the calculation of k1 and k2 and thus
the capacitive and diffusion contributions for each potential.
Figure 4f shows that the capacitive contribution increases with
increasing sweep rate. Notably, Nb-doped TiO2 show higher
capacitive contribution than that of pure TiO2, and NTO-2
exhibits the highest value at different scan rates. The maximum
value of NTO-2, up to 87% when the sweep rate increased to
2 mVs  1, determines a favorable Li-ion storage behavior under
high current densities. The improved capacitive behavior is
mainly a benefit from Nb incorporation. Because Nb5+ is an
electron donor type dopant, the introduction of Nb increases
the electrical conductivity of the samples, which increases the
migration rate of the Li ions at the electrode/electrolyte
interface, rendering greater capacitive charge storage. The
incorporation of Nb also generates lattice distortions and other
defects that provide abundant active sites for Li+ reaction at
the electrode surface, inducing more capacitive charge storage
capability. These defect sites allow for fast Li+ storage without
causing a large volume expansion, thus resulting in high rate
capability and cycling stability.[19,33] As a consequence, robust
and fast lithium storage for NTO-2 was achieved at high rates.
3. Conclusions
Niobium modified titanium dioxide materials were synthesized
via a facile, generally applicable nonaqueous route. Nb was
homogeneously incorporated within the anatase TiO2 nano-
crystals at the titanium sites, with concentrations of 9, 21 and
33 at.%, resulting in changes in the electronic structure and the
creation of additional sites for Li+ reaction. When studied as
anode materials for Li-ion storage, the sample with 21 at.%
exhibits improved rate capability and cycling stability, deliver-
ing a specific capacity at 10 Ag  1 of 58 mAhg  1 compared with
28, 50 and 40 mAhg  1 for pure TiO2, 9% doped and 33% doped
TiO2, respectively. The enhanced electrochemical performance




Titanium dioxide nanocrystals doped with niobium were synthe-
sized through a simple solvothermal method. For preparing the
20 mol% Nb-containing TiO2 nanoparticles, 0.2 mmol of niobium(V)
ethoxide (99.9%, abcr) and 0.8 mmol of titanium(IV) isopropoxide
(97%, Sigma-Aldrich) were added to 10 mL of acetophenone (99%,
Sigma-Aldrich) in a 30 mL glass vial, and stirred at room temper-
ature for 10 min in a glovebox under Ar. Then the solution was
transferred into a stainless steel autoclave with a Teflon liner, and
carefully sealed. The autoclave was heated in an oven at 220 °C for
48 h. The products were collected by centrifugation and thoroughly
washed with acetone and ethanol, and dried at 70 °C under air.
Samples with other Nb contents (0, 10, and 30 mol%) were
prepared by following the same procedure. The samples are
denoted TO, NTO-1, NTO-2, and NTO-3 for Nb contents of 0, 10, 20,
and 30 mol%, respectively.
Characterization
XRD patterns were recorded with a STOE MP diffractometer in
transmission configuration using Mo Kα radiation (λ=0.70930 Å).
Transmission electron microscopy (TEM) and high resolution TEM
(HRTEM) images were obtained on a Philips CM 200 and FEI Talos
200S microscope operated at 200 kV. Raman spectra were obtained
on a DXR Raman spectrometer (Thermo Scientific) with a 532 nm
laser for illumination. The scattered light from the sample was
dispersed by a 1200 gr/mm grating and collected by an Olympus
microscope with a 100x objective. The Spectra were recorded from
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spectroscopy measurements were performed using a JEOL JPS-
9030 setup with a base pressure of 3×10  9 mbar, employing the
Kα-radiation of a non-monochromated Mg X-ray source (hν=
1253.6 eV) for excitation and a hemispherical analyzer to detect the
kinetic energy of the emitted electrons. The powders were evenly
distributed on carbon tape and measured without further treat-
ment. The C 1s C  C core level was set to 284.8 eV binding energy
as a reference since the samples were charging.
Electrochemical Measurements
The working electrodes were made by homogeneously mixing
active materials (TO, NTO-1, NTO-2, and NTO-3), conductive carbon
black (Super P, Timcal) and polyvinylidene fluoride (PVDF, Alfa
Aesar) as a binder in a weight ratio of 7 : 2 : 1 with N-methyl-2-
pyrrolidone (NMP, anhydrous 99.5%, Sigma-Aldrich) as solvent. The
resulting slurry was uniformly cast on copper foil (Goodfellow, UK)
with a doctor blade apparatus and dried in a vacuum oven at 60 °C
for 1 hour. After a cold-laminating step, electrodes with a diameter
of 18 mm were punched out and dried overnight at 120 °C under
vacuum using a Büchi glass oven. The active material mass loadings
at the anodes was in the range of 1.0 to 1.2 mgcm  2.
Electrochemical experiments were performed using CR2032-type
coin cells, which were assembled in an Ar-filled glovebox. Lithium
metal foil was used as both counter and reference electrodes. 1 M
LiPF6 (ABCR, 99.9% battery grade) solution in a mixture of ethylene
carbonate (EC, 99.9%, ABCR), diethyl carbonate (DEC, 99.9%, ABCR)
and dimethyl carbonate (DMC, 99.9%, ABCR) with 1 :1 : 1 volume
ratio was used as the electrolyte. A glass microfiber filter (Whatman)
was used as a separator.
Galvanostatic charge-discharge cycling was carried out at room
temperature using a CT2001 A battery testing system (Landt
Instruments) in the potential window of 1.0 to 3.0 V versus Li/Li+ at
specific currents in the range of 0.1 to 10 Ag  1. Cyclic voltammo-
grams (CVs) were measured on a Bio-Logic VMP3 multichannel
potentiostat/ galvanostat with a built-in electrochemical impedance
spectroscopy (EIS) analyzer, in the potential range of 1.0 to 3.0 V vs.
Li/Li+ with a scan rate in the range of 0.1 to 5 mVs  1. EIS was
performed at open-circuit potential (OCP), in the frequency range
of 100 kHz to 10 mHz with an amplitude of 10 mV.
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